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ABSTRACT

Perforation data for steel fragments impacting on each of ten
ﬁetallic materials have been collected and analyzed. The experimental data
are characterized by fragment sizes from five to 825 grains, striking veloc-
ities as high as 12,000 feet per second, and obliquities of strike as high
as 80 degrees., Empirical formulas of a given type have been fitted to the
data for each target material, thereby relating fragment residual velocity
and residual weight, in separate equations, to important impact parameters.

The two sets of estimating equations, used together, serve as a
basis for several extensions or apﬁlications; these are: 1) the determina-
tion of impact conditions for which the fragment disintegrates during per-
foration, 2) a comparison, for equal weight per unit area of target materials,
of the resistance of target materials to perforation, 3) a calibration of
the resistance of a target material to perforation in terms of the maximum
thickness of a standard medium that the residual fragment can perforate,
and 4) a more realistic consideration of the effect of an intermediate

target on the potential of the fragment to damage a primary target.
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1

INTRODUCTION

For several years, this laboratory has been participating in
programs sponsored by the Weapon Systems Laboratory, Ballistic Research
Laboratories (BRL), to supply information for vulnerability analysts and
weapons designgrs on the resistance of various ma£erials to perforation by
steel fragments and projectiles., These materials usually have some military
significance, but do not necessarily constitute primary targets. Their use
is justified because they have some property or properties necessary or
desirable for a given functional or structural purpose. For example,
stainless steel or a magnesium alloy may be a suitable material for some
particular function within a jet engine; copper is a useful material for
missile nose cones of the heat sink variety; thin‘gauge mild steel is
structurally and economically suitable for military truck hoods and cabs;
the skin and structural members of an aircraft may be composed of an aluminum
alloy noted for its strength and low density. A vhlnerability analyst has
to contend with the problem of determining the extent of protection provided
by these structural materials even though they may never have been intended
ag armoring materials,

The bulk of the experimental data required to furnigh information
on theAresistance of these materials to perforation has been provided by
BRL. Data from other sources have been included wherever possible, The
experimental work is always planned with the intention of making the data,
and therefore the study, particularly applicable to problems related to the
vulnerability of ground, air, and space targets. Several reports have been
published on the analyses of such data; the identification of these reports

is given in Appendix H.
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Other reports, similar to the presen® one, but dealing with non-

metallic target mﬁterials, are planned for the future; such materials in-
clude nose-cone materials, lightweight armors, transparencies, structural
plastics, and foams.

Additional studies will be made of fragment shapes and materials
other than those éonsidered here, the relationship of hole size to impact
parameters, and the results Of.fragment impact in terms of the numbers,
weights, velocities, and spatial distribution of particles formed from the
impact.

The objectives of this study are 15 the consolidation, revision,
and extension of ihformation appearing in earlier reports on the perforation
of materials by steel fragments, 2) the consideration of additional target
materials not diacﬁased in those earlier reports, 3) the.determination of
the effect of extehding the upper limit of the experimental fragment striking
velocities from 6000 fps to 12,000 fps, 4) the establishment of a technique
for estimating fragment residual welght as well as fragment residual veloc-
ity, 5) the determ#nation of seta of impact conditions for which the fragment
shatters during thé perforation of the target, 6) the formulation of a useful
method for compariﬁg target materials in their resigtance to perforation by
steel fragments, aid 7) the establishment of a technique for estimating the
maximum capacity oé ﬁhe residuai fragment for additiomal perforation assuming
the pérfora:ion of;an initial target material with known jimpact parameters,

The ambiéious scope of this work emphasizes the need for an
empirical attack tﬁ penetration problems. This approach becomes more

attractive when 1tlis allied with high-speed computer facilities which help

to turn out practical results very rapidly. The technique is believed
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entirely adequate wherever good predictions over broad ranges of impact
parameters are preferred to pinpoint accuracy for a few narrow sets of
conditions,

The empirical formulas include the important impact parameters
and are established from a relatively small, appropriate collection of
experimental data.

For the BRL experimental data, compact steel (SAE 1020) fragments
in the shape of short cylinders and cube-on-cylinders were used in single-
shot firings. These fragments varied in size from five to 475 grains.
Striking velocities as high as 12,000 fps were obtained using light-gas guns,
Conventional powder guns were used for the low velocity rounds, Residual
velocities were obtained, in general, by the use of break-wire screens and
Potter counter chronographs.

The conditions for each round within the experimental data are
tabulated in Appendix G. It will be noted that a greater effort was made
tovaecure experimental data for some target materials than ior othars; this
reflects the relative military importance or the cost of these target
materials, or the explanation may eimply be related to the difficulty of
obtaining appropriate thicknesses of éertain target materials.

The target materials selected for inclusion in this report along
with their designations are listed in Table I which follows. Table II
spummarizea the characteristics of the experimental data. Table III provides
the dimensions and weights of fragments used in collecting the experimental

data,
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Table I

Target Materials

Name Identification Density (1bjft3) BHN
Magnesium Alloys FS-1 (Dow Chemical); AZ92 110, 114 72 ’
7 Aluminum Alloy *  2024T-3 and 2024T-4 173 | 120
Titanium Alloys Ti 6Al 4V; Ti 7Mn 276, 284 190 Sff
E€ast Iron Ductile Nodular Graphitic 450 150-22(::1;;
e (60-45-18) ASTM-A339-51T ro
. E;“'
i 485 {Front) 480-5§D
PRt (Rear) 331- 3@‘;;
) | o
£ - Homogeneous Steel 485 o]
— g a. Mild , 150 prey
N b. Hard . 380y
i
mgopper / Elec, Tough Pitch; QQC 502 556 42
Lead Comm. Pure (No Sb) B-29-40-t 687 5.5
Tuballoy Depleted Uranium or U238 1167 235-245

Throughout the text, wherever reference is made to 2024T-3, the remark applies equally well to 2024T-4,

*
since both alloys were used interchangeably in the experimental work,



Table II

Summary of Characteristics of Experimental Data

, . Target Striking Fragment
Target Thickness Areal Density Obliquity Velocity Size
Material Range Range 2 Range Range Range
(inches) (1b/£t7) (degrees) (fps) (grains)
Magnesium Alloys 0.05 - 3.00 0.5 - 28 0 - 80 500 - 10,500 15 - 240
2024T-3 . 0,02 - 2,00 6.3 - 29 0 - 80 1200 - 11,000 5 - 240
Titanium Alloys . 0.04 - 1.20 1 - 28 0 - 80 700 - 10,400 30 - 240
€~ cast Iron 0.19 - 0.56 7 - 21 0 - 45 1900 - 6100 15 - 240 =ii=
-i%; ' . s
€°.3 Face-Hardened Steel 0.14 - 0.50 5 - 20 0 - 70 2500 - 9809 15 - 240 ™
— .
+7-3 Homogeneous Steel 0.03 - 1.00 1 - 40 0 - 70 600 - 12,000 5 - 825 &3
& D
€+’ Copper 0.06 - 1,00 3 -46 0 - 70 1100 - 11,400 15 - 240 —-~
o ' Lead 0.07 - 1.00 4 - 57 0 - 70 500 - 10,400 15 - 240 iy
o ' - R
v : Tuballoy 0.10 - 0.20 10 - 19 0 - 60 4500 - 10,100 30 - 475

Note: Graphs in the appendices contain contours which, for the most part, are limited by the intervals of
the experimental data, as shown above, Some minor extrapolations outside these intervals have been made.
Thus, for example, no commitment is made on Cast Iron at fragment velocities above 6000 fps or a5 70°
obliquity. Similarly, the contours for Face-Hardened Steel begin at an areal density of 5 1lb/ft“.

-g—



Table I ‘

Fragment Dimensions

TYPE I TYPE 11
-n-—-B——-I ﬁ 7 ‘L
) 1T T O

=\ ! B l @/
= ~ o f —
s £~ ~—D—{ C l—38
s
i';? TYPE A B C ) E wt (grains)
:ii 1 587 579 .225 .354 414 240
i; I 499 389 170 219 353 120
o I 399 303 131 A72 282 60

I 299 282 115 187 211 30

1 .233 230 .093 A37 167 i5

I 587 450 240

o 499 313 120

a .399 243 60

o 299 213 30

I 233 180 15

o .687 654 475

(All dimensions in inches)
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EMPIRICAL RELATTONSHIPS

The resistance of a material to perforation by steel fragments has
been measured in many ways. Here, the agsumption is made that this resie-
tance can be related to the losses in weight and velocity sustained by the
fragment during gerforation. Accordingly, experimental data have been
collected for stael fragments {mpacting on each material of a variety of
metallic target @aterials. Those data cases where perforation was achieved
were singled out %or the analysis. Measurements of both the residual veloc-
ity and the reaid;al weight were noted, These measurements refer to the
largest plece of ghe original fragment which perforates the plate,

In Technical Report No. 36 (see Appendix H), a method is described
for obtaining empifical equations from residual velocity data to‘relate
residual velocity to important impact parameters., The type of equation
propoged is:

A

»

- - 10°¢ a_ B/ 4
V.=V, 107 (eA) n (sec 6) Vo

where Vr 1s the fragment residual velocity in fps,
VB is the fragment striking veloecity in fps,

e 1is the %arget thickness in inches,

A {8 the %verage impact area of the fragment in square inches,

m_ is the Qeight of the original fragment in grains,

6 1is the éngle between the trajectory of the fragment and the normal
to the target material, and

c,®, B, 7, A are constants determined separately for each material.
The deri?ed values of the constants specifying the estimating

equation for fragm@nt residual velocity for each target material are

tabulated in Tableé IV and V of the Results Section,

[
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The exponential form of this equation is simple and practical and
includes the important impact parameters, The form has the additional merit
of being convertible into a corresponding logarithmic form which is useful
because of its linearity.

Yor a comparlson of the resistances of target materialé to perfora~
tion by fragments, it has been found useful to introduce another variable,
“E'', into the estimating equation. The new variable refers to the areal
density of the target material and is measured in pounds per square foot.

It is obtained by multiplying the target thickness in feet by the density of
the target material in pounds per cubic foot. By altering the formulas so
that the thickness parameter is replaced by the areal density parameter, it
becomes possible té compare the resistance of target materials to perforation
on an equal target weight basis,

The criterion for goodness of fif of the estimating equation is the
magnitude of ¢ defined below, If | éﬂrl 4 18 the magnitude of the error made
in estimating the fragment residual velocity in the i-th set of N sets of

experimental conditions, then N

It is understood that the selection of fit for each target material
is made to correspond with the lowest obtainable value of ¢. The value of ¢
for each rgsidual velocity estimating equation is given in Table IV of the
Reaultg Section.

The following method is employed to obtain an empirical fgrmula for

estimating residual velocity for steel fragments impacting on each target

material., The basic formula is converted into the associated logarithmic form:



S|

log (Vs } Vr) = ¢ 4+ Q& log (eA) + B log m 4+ 7 log sec 6 + A log VB.

With this linear form, the method of least squares is employed to determine
a satisfactory set of values for ¢, @, B, 7, A

Admitte&ly, this procedure minimizes §, defined below, rather than o.

2
{
i { ,ilog(vB - Vr)]

- {:hzg(vs - Vr)] }
sz ) j=1 exp cale 1

N ) L]

where the subacriéts "exp" and "ealc¢" refer to experimental and caleculated
values respectiveiy. This method of calculating the constants has proved
to be entirely satisfactory. It is often possiblé, by slight alterations
of the constants, to improve the fit of the estimating equation. Experience
has shown, howeveﬁ, that the minor improvements obtainable do not justify
the effort, |

For the‘:ype of equation assumed, it is poseible to solve for Vs
when Vr is zero, This atrikiﬁg velocity shall be designated Vo. The con~
stants which define the v, equation for éach target material are specified
in Tableg VI and Vil,of tbe Results Section. The significance of v, hag
been established 1% previous reports by this laboratory where vo has been
found to be a.good;analytical approximation to the protection velocity; the
latter is defined to be the highest striking velocity below the ballistic .
limit for which the probability of perforation is zero. In other words,
the v, values are estimates of the limiting striking velocities.for which
the target always ?revents perforation by the fragment. A set of graphs
featuring Vo_value% for each target material is included in Appendix A.

* * * *

L3
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In an analogous manner, an empirical equation is developed for each

target material for estimating fragment residual weight, The form of the

equation fitted to the data for each target material 1is:

m, - m = 10° @)% P (sec )7 2
where the only new symbol is m, the weight in grains of the largést plece
of the original fragment which perforates the target, To accommodate a
similar least squares treatment on the associated logarithmic equation, the
assumption 18 made that the minimum loss 1n fragment weight is one grain
rather than zero grains, The criterion of goodness of fit 18 g* defined
below, If l Amr l y 18 the magnitude of the error in estimating the
fragment residual weight in the i-th set of N sets of experimental condi- /

tiong, then

N
L |
r
2 i=l i

The values of the constants specifying the equation for estimating fragment
redidual weight for each target material are given in Tables VIII and IX
of the Rasultﬁ Section,

With low striking velocities, tﬁe loss in weight of a fragment
dutring perforation is small and is usually ignored. In such cases, the
reqidual velocity, alone, serves as a good measure of the resistance of the
target to perforation and the capacity of the residual fragmenﬁ for per-
forating another target. As striking velocity increases, the break~up of
the fragment becomes more and more pronounced until this aspect of the

impact must be taken into account. The residual weight of the fragment must
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be known as well Aa the residual velocity before any reasonable estimate can
be made of the capacity of the fragment for perforating another target.

Fragment recovery after impact is accomplished by the use of a bank
of fiberboard ("célotex") sheets. The residual fragment i1s located within
this bank, weigheé, and saved in a small manila envelope marked to show the
impact condition gnd the depth of penetration into the celotex, More
refined technique%‘and other recovery materials are in use, but recovery
in celotex was adépted as the most practical method for this study. The
weight of the resﬁdual fragment together with the depth of penetration into
celotex suggest a%strikiug velocity on the celotex which serves as a rough
check on the residﬁal velocity recorded for the fragment. Even this simple
recovery technique is tedious and tiwe-consuming, but for the objectives
of this report, th; derived information was deemed important enough to
outweigh these disadvantages.

In many experimental casee, the weight of the largest piece of
residual fragment approximates the total weight of fragment perforating
the barrier target. At any rate, the capacity of a fragment to perforate.
a primary target beyond an initial barrier can be conservatively estimated
by considering onlf the largest piece of fragment which perforates the
barrier, This app;oach is justified whenever the hypothetical primary
target 1is one for thch damage from the impact of small, slow-moving parti«
cles is not anticipated, i.e., damage to such a target will essentially be
that caused by the largest, fastest particle that impacts on it, Inci-
dentally, such a t%ugh, internal component is a common element of modern
targets such as guﬁded missiles and aircraft. These'eomponents are often
large and difficulé to protect, so that they contribute heavily to the
vulnerability of th? target.

|

£
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On the other hand, when a large, hypothetical, primary target is

«13-

extremely vulnerable to {mpact, even from a small, slow fragment, then a
solution based on the largest, fastest fragment is helpful but 1nadequage.
A typical high-speed {mpact may result in one main fragment particle, several
smaller fragment particles, and several spall particles of variable size
issuing from the rear surface of the target. If any one of several of these
particles can damage the primary target, then it becomes necessary to account
for the total number, sizes, and velocities of these particles before a
proper measure of the lethality of the fragment-producing weapon can be made.
In the laboratory, it is more practical to keep track of the
largest portion of reasidual fragment than to recover every portion of
residual fragment regardless of size. Ideal information would provide the
welght, speed, and direction of each particle of the original fragment that
successfully perforates the target material as well as the weight, speed, and

direction of avery spall particle.

* * * *

Sets of graphs for estimating both fragment residual velocity and
residual weight are presented in Appendix B, The use of double ordinates in
these graphs requires some explanation. Two sets of thickness contours are
to be found on each graph of this type. The thickness contours drawn with
6olid lines refer to the left-hand ordinate; the dashed contours refer to
the right~hand ordinate. Thus, for a given graph and a given striking
velocity, gwo ratios are found. The contours are shown only where both
ratios are positive, The dotted lines on these graphs suggest that the
assoclated reéidual velocities apply to a particle of insignificant weight

(no more than one or two grains).
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No commitment is made on the spall particles which are formed from
the plate material, Limited observations of spall patterns reveal wide
experimental fluctuations in the number, size, and velocity of the spall
. particles from one round to the next where the same impact conditions are
employed,

The prev‘;’.ous remarks emphasize the need for using the empirical
equations for residual weight and residual velocity 3aincly. In this way,
it will become appérent where the results are valid. The double-ordinate
graphs clearly display the regions of walidity, {.e., where both ratios are
positive,

For the empirical treatment of homogeneous steels and aluminum
alloys, reference 19 made to Appendix F, since a more complicated technique
is required to acc$unt for variations of target materials in hardness when

z
these target materlals have essentially the same chemical composition.

vy
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The empirical formulas developed from the experimental data on
each of the metallic targets for the purpose of estimating residual velocity

are of the form:

- - 1S a_ B, y 2
Vr . VB 107 (eA) m (sec 8) vs .

The values of ¢, O, B, 7, and A are tabulated in Table IV for each
of the wetallic targets. In addition, the sample size N of experimental
data and the value of ¢ are displayed.

For fragments of a given shape, these formulas can be simplified

by removal of the impact parameter A to the form:

* * A
v_=v_ - 10° e m B (sec 6)7 v R
r 8 .8 8

since for any shape approximating that of a regular convex polyhedron, the
average presented area is nearly directly proportional to the two-thirds
power of the mass,

Note that whenever a form of the estimating equation is desired
which omits the impact parameter A, then some assumption has to be made
about the shape of the fragments under consideration. Whenever the frag-
ments_under consideration are aiﬁilar in configuration to those used in the
experimental work for this report, it can be assumed that the simplified
equations, graphs, and conclusions based on the master estimating equations
apply. In fact, predictions from these equations for extrapolations to
bullets with length to diameter ratios approximately equal to three,show
good agreement with experimental results, If the fragments under considera-
tion have large length to diameter ratios, like some flechettes, then it is

not yet clear how well these estimating equations would apply. The
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experimental data which have been used to fix the estimating equations involve
compact fragments, i.e., fragments with length to diameter ratios close to
unity. The simplified equations for non-compact fragments would be different
than those used he?e since some new relationship between average impact area
and fragment weighF would be appropriate.

The valu;s of ¢*, O, g*, y, and A for the equations associated with
compact fragments are tabulated in Table V.

The Vo férmulas derived from the empirical residual velocity

formulas are of thé form:

c a, p y
v=10' () tam ! (seco)y .

i
|
i

The valu?s for s al, Bl’ and 74 for each target material are
tabulated in TableIVI.

For frag%enta of a given shape, these formulas can be simplified,
as before, to the form:

ck O ] b
V0 = 10 1 e 1 m, I (sec 6) 1 .

The values of cf, Q) Bf and 71 for the equations associated with
compact fragments are tabulated in Table VII.
The empirical formulas developed from the experimental data for the

purpose of e:timat%ng,fragment residual weight are of the form:

1 . a A,
i m o=m - 10°¢ (eA) mBﬁ (sec 9)7 VB .

|

The valués of ¢, &, B, 7, and A are tabulated in Table VIII for
each target materi%l. In addition, the sample size N* of experimental data

for the residual weight equation and the value of g* are noted,
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For fragments of a glven shape, these formulas can be simplified by

removal of the impact parameter A, as before, to the form:
- e¥ (@ PB* Y o A
m, = m 107 e m (sec 8) Vs .

The resulting values of c*, «, f*, 7, and A for the equations

asgociated with compact fragments are tabulated in Table IX,
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Table IV
Constants for the Estimating Equations for Residual Velocity

(Mo Particular Fragment Shape Assumed)

Form of Equation: V_ = v, - 10¢ (gA)a méB (sec 8)7 st

——— R — e R . - - . ;}-/' . ) I., . ) . ; ) ;)'
» £ Yy fo Lo e A 14,
V- smimes oo SIS
Target Material c o | B s s N c
Magnesium 6.904 1.092 -1,170 1.050 -0.087 85 600
Aluminum Alloy 2024T-3 7.047 1.029 -1.072 1.251 -0,139 189 400
Titanium Alloy 6.292 1.103 ~1.095 1.369 0,167 51 703
Cast Iron 4,840 1,042 -1.051 1,028 0.523 28 195
Face-Hardened Steel 4,356 C.674 -0.791 0.989 0.434 55 546
Mild Homogeneous Steel 6.399 0.889 -0,945 1.262 0.019
| }ow } 516
Hard Homogeneous Steel T 6,475 0.889 -0,945 1.262 0.019
Copper 2,785 0.678 -0.730 0.846 6.802 49 562
Lead 1.999 0.499 -0,502 0.655 0.818 71 700

Tuballoy 2,537 0.583 ~0,603 0.865 0.828 92 291
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Table V
Constants for the Estimating Equations for Residual Velocity

{(Compact Fragment Shape Assumed)

* *
Form of Equation: Vr = vs - 10° ea msB {sec 9)7 Vsl

Target Material ck Q p* y A
Magnesium 4.596 1.092 ~0.442 1.050 -0.087
Aluminum Alloy 2024T-3 4,872 1.029 ~0.386 1.251 ~0.139
Titanium Alloy 3.960 1.103 -0.359 1.369 0.167
Cast Iron 2,638 o 1.042 -0.356 1.028 0.523
Face-Hardened Steel 2.931 | 0.674 -0,341 0.989 0.434
Mild Homogeneous Steel 4,520 0.889 -0.352 1.262 0.019
Hard Homogeneous Steel 4,596 0.889 -0,352 1,262 - 0,019
Copper : 1.351 0.678 -0.278 0.846 0.802
Lead 0.944 0.49% ~0.170 0.655 f» 0.818
Tuballoy 1.305 0.583  -0.214 0.865 0.828

1-6'[-



Table VI

Constants for the Estimating Equations for Vo

(No Particular Fragment Shape Assumed)

c ¢, B

1 1 P 61
Form of Equation: Vo = 10 (ed) o, (sec 8)

Target Material €1 al al 71
Magnesium 6,349 1.004 -1.076 0.966.
Aluminum Alloy 2024T-3 6.185 0.903 -0,941 1.098
Titanium Alloy 7.552 1.325 ~1.314 1.643
Cast Iron 10.153 2,186 -2,204 2,156
Face-Hardened Steel 7.694 1.191 -1.397 1.747
Mild Homogeneous Steel 6.523 - 0,506 -0.963 1.286
Hard Homogeneous Steel 6.601 0.906 -0.963 1.286
Copper 14,065 3.476 -3.687 4,270
Lead 10.955 2,735 =2.753 3.590
Tuballoy 14.773 3.393 -3.510 5.037

-QOZ-




Table VII
Constants for the Estimating Equations for vo

(Compact Fragment Shape Assumed)

o°f 4 B 41
Form of Equation: v, = 10 e m (sec 8)

Target Material cl* al ﬁl* ?l
Magnesium 4,226 1.004 -0.406 0.966
Aluminum Alloy 2024T-3 4,276 0.903 -0.339 1.098
Titanium Alloy 4,753 1.325 ~0.431 1.643
Cast Iron 5.533 2.186 _ -0.747 2.156
Face-Hardened Steel 5.178 1.191 «0,603 1.747
Mild Homogeneous Steel 4,608 0.906 -0.359 1.286
Hard Homogeneous Steel 4,685 0.906 -0,359 1.286
Copper ' 6.823 3.426 -1.403 4,270
Lead 5.175 2.735 -0.930 3.540
Tuballoy 7.602 3.393 -1.248 5.037

-‘[z-
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Table ¥III
Consgtants for the Estimating Equations for m

(No Particular Fragment Shape Assumed)

Form §§.qua§ion; mw, = psmrm}pfmgf§za msB (sec 6}7 Vsl

Target Material c a B Y A N* gk
Magnesium -5.945 0.285 0.803 -0.172 1.519 105 11
Aluminum Alloy 2024T-3 -6.663 0.227 0.694 -0.361 1.901 172 22
Titanium Alloy ~2.318 1.086 -0,748 1.327 0.459 107 16
Cast Iron , -9,703 0.162 7ﬂrmm9.§?} 2.091 2.710 29 13
Face-Hardened Sfeel | ‘%ﬁi?;lgl9§; . 1j§;?3§7,nj,_0,7§4 ﬂ_m“i§;§§él: mM Q,ﬁésf?: 54 28
Mild Homogeneous Steel -2,507 01380835 0.143 0.761 31 20
Hard Homogeneous Steel -2.264 0.346 0.629 0.327 0.880 27 29
Copper -5.489 0.340 0.568 1,422 1.650 70 25
Lead | -1.856 0506 0.350 0.777 0.934 54 26
Tuballoy » 3,379 0.560 0.447 0.640 1.381 148 30



Table IX
Constants for the Estimating Equations for m,

(Compact Fragment Shape Assumed)

* *
Form of Equation: m, =m - 10° ea msB {sec 6)7

Vl
s

Target Material c* a g* Y A
Magnesium -6.547 0.285 0.993 -0.172 1.519
Aluminum Alloy 2024T-3 =7.142 0.227 0.845 -0.361 1.901
Titanium Alloy ¢.023 1.086 -0.024 1.327 0.459
Cast Iron -10,046 0.162 0,782 2.091 2.710
Face-Hardened Steel -1.690 0.234 | 0.900 0.469 0.483
Mild Homogeneous Steel -2.798 0.138 0.926 0,143 0.761
Hard Homogeneous Steel -2,.994 0.346 0.859 0.327 0.880
Copper -6.207 0.340 0.794 1,422 1,650
Lead -2,926 | 0.506 0.687 0.777 0.934
Tuballoy ~4,564 " 0,560 . 0,821 0.640 1.381
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FRAGMENT SHATTER
A form of the estimating equation for predicting fragment residual

welght is:

mo=m = k ea m,sﬂ {sec 9)7 st .
The omission of the parameter, A, the average presented area of the fragment,
implies that fragments of a fixed shape are under consideration. The ques-
tion naturally arises: Is it possible to develop a useful auxiliary equa-
tion, in a manner eimilar to that of obtaining a Vo equation from the esti-
mating equation for predicting residual velocity?

Observations of the double-ordinate graphs in Set II of Appendix B
show many of the tFicknesa contours, which relate to fragment residual weight,
with intercepts onithe striking velocity axis at velocipies less than 10,000
fps. The couditiohs corresponding to these intercepts are significant in
that the fragmeng 1s much heavier and/or moving much faster than needed to
defeat the target. Originally, no specilal attempt was made to locate these
intercepts, the main effort being made to establish a useful estimating
equation for predicting fragment residual weight., For each of the dense
target materials, ;he data contain cases where very little or none of the
original fragment is recorded as having passed through the target and
having been found f.n the collecting medium., Since fragment residual weight
decreases with an increase in striking velocity, for all target materials,
the question of the existence of sets of impact conditions for which per-
foration occurs ané the fragment residual weight is essentially zero,

{

becomes of foremost importance. As a consequence, more experimental data
i .

‘were collected foriimpact conditions mear the anticipated intercepts to

determine whether the results substantiated the extrapolations to these
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intercepts. At the same time, these additional data served to improve the
estimates of the locations of the intercepts,
1£f, within the estimating equation for predicting fragment residual

weight,

m = Ccm
T

then

Let this parameter m under the qualification that m, = c'ms: be called
ﬁs(é'). The significance of c¢'is that 1t represents the ratio of fragment
residual weight to striking weight. When ¢'= 0, it follows that no residual
plece of the original fragment 18 expected to have any measureable or
appreciable weight, whereas the target may nevertheless be perforated. With
existing laboratory facilities, it is difficult to obtain precise daté near
the intercepts, because when extreme fragment break-up occurs, the like-
lihood of overlooking small portions of the origiral fragment in the
collecting medium increases. The choice of ¢'close to but not equal to zero
may not provide equally useful information, but this information may be more
closely associated with experimental accuracy and fact.

The graphs in Appendix E for c'= 0 relate shatter velocity to the
striking weight of the fragment. The thickness contours on these graphs are
displayed only where perforation is anticipated. This point emphasizes the
need for using the ma(c')equations in conjunction with the V0 equations or
graphs; the Vo equations or graphs indicate the lower limits of the regions

of validity of the thickneas coutours in the graphs of Appendix E. If the
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ms(c')equations are used indiscriminately, they might suggest a condition

for fragment shatter where only a partial penetration would occur.

To illustrate, a portion of a graph in Graph Set VIIX is repro-
duced in Figure 2 which follows. The conditions that aré sampled in this
figure are 0.125" of Face-Hardened Steel impacted upon by a fragment at 60°
obliquity., The value of c',the shatter criterion, is taken as zero. If
the Vo contour corresponding to the impact conditions is inserted as well
onto this graph, the LW VS plane is thereby divided into three regions:

1) no perforation; 2) perforation with m > 0, and 3) perforation with m = 0.
1t becomes obvious why the ''shatter line' is not extended below the v, line.

It is to be noted that most of the present estimates fof fragment
shatter lie outsiée the main region of experimentation. These extrapolated
estimates may nevértheless prove useful until better estimates are possible
as a result of iméroved launching devices which will permit higher striking
velocities, |

Until a much greater experimental effort is made to obtain
detailed data cor¥esponding to the intercept conditions, a safer inmterpre-
tation of the graébs in Appendix E for ¢'= 0 is to regard the shatter
velocity as the sériking velocity for which extreme break-up of the
fragment will occur, rather than to assume that absolutely no poréion of
the original fragment passes through the target,

When ¢'is chosen as 0,25, a second, more conservative, family of
graphs is evolved, as shown in Appendix E. A comparison of corresponding
graphs in these two faﬁilies suggests how much the veloecity must be
increased to caus; the additional fraément break-up as evidenced by the

variation in the ﬁwo values of ¢!,
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The Interaction of V, Estimates with Estimates

of Impact Conditions for Fragment Shatter

Target Materlal: Face-Hardened Steel Obliquity: 8+60°
Target Thickness: e=0.125" Shatter Criterion: ¢'sQ
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If the equation for m (¢') 18 of the form

3‘!

1
ma(c’) - lOKea (sec 8)7 v, R

then the values of K, @', ', and A' for each target material except Magnesium
are listed in Tables X and XI for ¢'= 0 and c'= 0.25 respectively. The |
omission of Magnesi;um is a result of the inability of this low-densit:y
material to cause severe fragment break~-up within the interval of striking

velocities (12,000 fps maximum) used in the experimental firings.-




Table X

Constants for the Estimating Equations for ms(c'); e =0

(Compact Fragment Shape Assumed})

' ] ¥
Form of Equation: ms(c') = 10K & (sec 8)7 st

Target Material K a' y' 2!
Magnesigm* 000 =eeeces  e=meee s=eees eeceeca-
2024T-3 -46,122 1,464 ~2,328 12.277
Titanium ' 0.022 1.060 | 1.295 0.448
Cast Iron -45,980 0.742 9.570 : 12,405
Face-Hardened Steel -16.913 . 2,344 4,690 4.834
Mild Homogeneous Steel -38.061 1.872 1.945 10.348
Hard Homogeneous Steel -21.302 2,458 2.326 6.258
Copper -30.136 1.650 6.904 8.012
Lead ‘ -9.346 1.616 2.48} 2.983
Tuballoy ~25.466 3.127 3.571 7.708

* Within the limitations of the experimental data, this material did not cause the steel fragments
to break up considerably upon impact. Higher striking velocities than those that are now obtainable in
the laboratory would be required to produce the necessary information to establish a working set of
constants for the ms(c') equations for this material,

-6z_
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Table XI
Constants for the Estimating Equations for m_(c'); ¢’ = 0.25

{Compact Fragment Shape Assumed)

) ) t
Form of Equation: ms(c'} = 108 ea (sec Y Vsk

Target Material K o' ‘ 7' 2!
Magnesium* —wmm———— i et -
2024T-3 | -45.315 1464 -2,328 12.277
Titanium 0.144 1.060 1.295 0.448
Cast Iron -45.408 0,742 ‘ 3.570 12,405
Face-Hardened Steel -15.662 2.344 4.690 _ 4.834
Mild Homogeneous Steel ~36,361 1.872 1.945 10.348
Hard Homogeneous Steel 7 -20,413 2,458 2,326 6.258
Copper -29,529 1,650 6.904 8.012
Lead -8.947 1.616 2.481 2,983
Tuballoy ' -24.768 3.127 3.571 7.708

* Within the limitations of the experimental data, this material did not cause the steel fragments
to break up considerably upon impact. Higher striking velocities than those that are now obtainable in
the laboratory would be required to produce the necessary information to establish a working set of
constants for the ms(c') equations for this material.



ADAPTATIONS TO VULNERABILITY ANALYSES
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The vulnerability analyst, calculating the effects of a hypotheti-
cal fragmenting weapon as used against some primary target, usually relies
on experimental evidence from fragments fired singly against facsimile or
mock-up targets. The target is considered as an assembly of sets of vital
components shielded by structural "shell' members or other components.
Firings are conducted to determine the level and extent of damage required
to "defeat" or "kill" each vital compoment under various kill criteria.
These firings provide an empirical relation between the conditional proba-
bility of killing each vital component, given a hit, and some appropriate
function of the weight and velocity of the impacting fragment,

Assuming that such a relationship is established, one can proceed
with the analysis when the impact weight and velocity of the fragment are
known., If the fragment 1mpinges first on some barrier target, then It is
important to be able to estimate the losses sustaiqed by the fragment in
both weight and veloecity during the perforation of this barrier.,

The advent of guided missiles and other space targets has forced
vulnerability analysts to consider higher and higher impact velocitiles.
With these higher strikiﬁg velocities, the loss of fragment weight during
perforation becomes more pronounced. While the significance of fragmént
break-up has been acknowledged for some time, there has hitherto been no
systematic technique to account for this aspect of the impact.

The present study makes it possible to more fully account for the
effect of barrier targets, as represented by any one of the ten metallic
materials, on the original fragment. The appropriate estimating equations
can be used to provide estimates of the fragment residual weight and

- velocity for a hypothetical impact situation.
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The analyst can then evaluate any suitable function of fragment
weight and velocify to detexrmine the probability of killing a particular
component, It is, of course, the responsibility of the analyst to determine
the function of fragment weight and velocity to be used with each component
type. The function that is chosen will depend on the type of component
and the criterion for damage. Finally, the corresponding probability of
killing or damaging the primary target is obtained; this kill probability
will inevitably be more precise and more realistic.

In Graph Set V of Appendix C, for a fixed combination of m e,
and Vs, four different functions of m_ and Vr are plotted against target
areal density, These graphs serve to show that the ordering of the contours
for the target maﬁerials varies with the function of m, and V. being used.
Therefore, any co@parison of the resistance of target materials,‘using as a
basis some selecteh function of m and Vr’ is weakened by this arbitrary
.selection. Nevertﬁelesa, some particular function of m, and Vr may be
entirely appropriate as a measure of the probability of killing a given

component.,




MEASURING THE MAXIMUM CAPACITY OF THE RESIDUAL FRAGMENT FOR PERFORATION
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Establishing minimum requirements for perforation of these metallic
materials is needed, but this knowledge is hardly useful in estimating the
capacity for additional perforation when these minimum requirements are
exceeded. How 1a this capacity for additional perforaticn to be measured?
Several techniques have been considered and some will be discussed in this
section.

Usually, the metallic materials are not themselves primary targets,
80 their perforation by fragments is of interest mainly in the sense of the
resulting changes in the characteristics of the fragment during perforation.
The two outstanding characteristics which are related to the capacity of a
fragment for perforation are the weight and velocity of the fragment. Thus
it is important to be able to estimate the losses in both fragment weight
and velocity during perforation. When these factors are properly estimated,
it becomes possible to make a first order approximation on the maximum
capacity of the residual fragment for perforation. With the advent of
fragment break-up, it becomes necessary to compromise in this matter by
assuming that this capacity can be estimated by considering only the
largest plece of fragment which perforates the targét material along with
the assoclated residual velocity. This compromise does not destroy the
significance of the technique for measuring the capacity of the raesidual
fragment for perforation, since the largest portion of the residual fragment
is the only portion that matters for the tough, primary target. Thase
tough, primary targets exist and are a major concern to vulnerability
analysts and weapons designers,

By means of the empirical formulas developed for relating fragment

regidual velocity and residual weight to the main impact parameters, one can
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estimate the values of those two characteristics of the residual fragment.
Admittedly, particles of regsidual fragment other than the largest particle
and gpall (fragmehts of target material) issuing from the tafget material
at time of impact:are not considered, Usually, the most lethal element
resulting from an impact for which there is a perforation is the largest
particle of residﬁal fragment. This is the particle which most regularly
penetrates deepest into the catch-all medium behind the target material in
the experimental work.

The initial effort to compare the resistance of target materials
to perforation used separate plots of fragment residual velocity and
residual weight, each related to areal demsity of metallic target‘material.
These sets of graéhs, displayed in Appendix C, are useful to the vulnera«
bility analyst whé ¢an relate the probability of damaging a primary target
to some suitable éunctian of fragment impact weight and velocity. For the
comparison, howevér, these gets of graphs are not extremely helpful since
nelther set necessarily provides, in itself, the required information.

For examfle, how does one compare the relative capacity for
perforation of 1) a residual fragment with low weight and high velocity,
and 2) a residual fragment with high weight and low velocity?

For the @ondition that the original target materials are per-
forated, a more uaéful comparigon of the reaistancé‘of these méteriala can
be obtained by examining the capacity of the residual fragment to perforate
a calibrating material, The latter may be arbitrarily selected.

The empi%ical formulas feature a single exponent fof the product

of target thicknesé and average presented area of the fragment, This, in

effect, suggests thac if certain results are anticipated for a given impact



.
condition, then the same results should be expected for, say, an impact
situation where the target thickness is halved and the fragment shape 1is
altered so that the average presented area is doubled, As long as the product
of target thickness and fragment impact area remains constang, the same
results are expected. This assumption has been found tenable at least for
those fragment shapes which are not distantly removed from compact shapes.

For purposes of calibration, the simplest impact situation (i.e.,
normal impact) is assumed for the angle of impact of the residual fragment
on the calibrating material regardless of the angle of impact on the initial
target material,

The impact parameters which determine the capacity of a steel
fragment for perforation of a given medium include the fragment weight,
gelucity, shape, and the angle of obliqqity. Eetimates of the first two
characteristics are provided by the empirical formulas, The shape of the
largest portion of residual fragment is usually similar to the shape of the
original fragment whenever the residual fragment is of appreciable size.
There is a tendency for the fragment to be squashed and thereby rendered
less compact. ‘

At low impact velocities, fragments tend to perforate thin
targets by shearing or tearing while the fragment itself sustains little
deformation, As the striking velocity and the target thickness increase,
the fragment tends to "mash and mushroom" on the impacted side, and also
to fracture, both axially and longitudinally, due to shock. This tendency
appears to depend on the relative dimensions of the fragment and the thick-
ness of the target, With hypervelocity impact, the fragment tends to flow
radially and then back together with the target material, This phenomenon

can be visualized as a fragment literally turning {tself inside out and

N



stretching to pieces. Variations of this phenomenon occur with changes in
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target materials,‘but various stages of the phenomenon have been observed

in the recovered fragments from the present body of experimental data.
Finally, for an extreme set of impact conditions, it becomes practically
impossible to recognize the remains of the original impacting fragment, with
traces of pulverized fragment embedded within or fused with or even alloyed
with the target material and thg spall.

When there is considerable break-up of the fragment during the
perforation of the initial target material, the residual fragment may have
a shape other than that which could reasonably be called compact. In such
cases, the residual fragment may have an average presented area (assuming
random orientation) of two to three times that of a compact fragment of the
same weight. It is also of importance to recognize that, for a non-compact
fragment, there isia greater interval between the minimum and the maximum
presented areas thén for a compact fragment of the same weight., This
implies a greater variation in'performance for the non-compact, residual
fragment against a given primaxy target,

Furthermore, recovered portions of fragments after impact reveal,
in many cases, a shredded appearance suggesting much less unity than the
original fragment.l'Such a particle appears more susceptible to further
break-up on the impact of another target than an unweakened particle of the
same weight., Thise {ncreased susceptibility to break-up could result in a
lower capacity for additional perforation.

The imporéance of each particle which is formed from an impact
of a fragment upon %ome barrier target is relative to the vulnerability of

the primary target to particle impact, If the primary target is extremely

L
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sensitive to such impact, it is important to know how many particles are

~37 =

formed, and the weight and velocity characteriastice of each particle, If
the primary target is one which is not likely to be damaged by the impact
of small, slow particles, then these particles can be ignored,

The present veport deals primarily with the characteristics of
the largest particle of fragment origin resulting from impact on a barxrier
target. From the point of view of protecting the primary target, if the
primary target can withstand the impact of the largest, fastest-moving
particle of fragment origin, then it 1s reasonable to assume that the primary
target can withstand the impact of all particles.

A basis will now be established for measuring the maximum capacity
of the largest particle of residual fragment for perforation of a second
medium. The maximum thickness of this medium which can be perforated by
the largest portion of residual fragment, striking the calibrating medium
at normal impact, will be used as the measure. To arrive at this measure,
estimates of the fragment residual weight and velocity are required, To
favor this residual fragment, it will be assumed that this particle has the -
same capacity for perforation as an unfired, pre-formed fragment of the
same weight,

Sets of graphs, relating maximum thickness of calibrating material
that can Be perforated to areal density ofvthe metallic target materials for
each of twenty-seven combinations of fragment weight, velocity, and angle of
obliquity, are displayed in Appendix D, Two media, celotex and 2024T-3, have
been selected as calibrating materials, The first represents a 'soft'

primary target while the second represents a tougher primary target.




Under the assumptions which have been clearly stated, it is a simple

-38-

matter to use these graphs to compare the resistance of the metallic materials
to perforation by steel fragments. For a given value of areal density, the
"best" material is that one which allows the least perforation of calibrating
medium,

If the change in shape of the residual fragment and the weakened
condition are t&ken into account, lower estimates of maximum thicknesses
of the calibrating medium will fesult. For purposes of comparisgon of the
resistance of the initial target materials to perforatiqn, this would not
be necessary.

A substantial number of dual target firings (See Fig. 3) were
conducted at BRL.wi#h the second target choseﬁ as 2024T-3 or 2024T-4 in all
cases. The thickne%s of aluminum alloy was selected for each round to
correspond to the m%ximum thiékness that the residual fragment could
perforate. In thislexperiment, several barriers were placed in the path
of the oncoming fraément. The initial barrier target was one of the ten
structural metallic materials with the remainder of details defining the
initial impact seleéted to ensure perforation, The second target, aluminum
‘alloy, was placed pgrpendicular to the original fragment trajectory; the
thickness of the aec;nd target used was calculated to be the maximum
needed to stop the résidual fragment. Finally, a bank of celotex was
placed pafallel to and behind the aluminum alloy. All the barriers were
placed close to but not touching each other to cut down on the effect of

fragment slow-down, %The thickness of aluminum alloy for each round was

g
estimated from the Vé equation for this material, using as input data, the

residual weight and &elocity of the fragment computed from the appropriate

estimating equations, an assumption of normal impact, and an assumption that
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the residual fragment is of a compact shape like the original fragment. In
34 rounds of dual target firings, with a wide variety of impact conditions,
the results indicate that perforation of the calibrating material was
accomplished (when perforation was not anticipated) in only about 57 of the
cases. In the remainder of the cases, the particles of residual fragment
expended themselves in the calibrating material, (See Table XII,)

In view of the many calculations required to determine the
maximum thickness of calibrating material needed to stop the residual
fragment, the results of this experiment can be.regarded as successful.
This technique does tend to estimate this maxi&uﬁ thickness conservatively.,
Certainly if the distortion, change in shape, and weakened condition of
the residual fragment are taken into account, some lesser thickness of
calibrating material would be found equally adequate to stop the residual

fragwent,
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Table XII: Dual Target Experimental Data; Bstimates of the Situstion
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) . . . .2 . .
e{in.) ms(grains) 8 (degrees) vs(fps) mr(grains) Vt(fps) tmax(1n.) t{in.) Yes-No in. Yes-Fo in.
Magnesium 0,495 30 0 2935 28.7 908 0.122 : 0.124 Tes 0.1 Yes 2.5 A
Titanitm 0,274 120 0 3530 111.2 2003 0.488 0.374 fes 0.3 . Ne --
F.H.S. 0.139 240 Q 020 154.5 1895 0.536 0.505 Yes 0.5 Yes 8.0 A
R.H.S. 0.080 30 0 5600 14,4 4114 0.503 C.560 Yes 0.2 ¥o -
Lead 0.375 120 0 5920 55.6 3017 0.592 0.124 Yes 2.8 Ne --
Copper 0.500 240 0 5820 177.4 - 2621 0.782 0.750 Yes 2.1 No -~
Magnesium 0.310 30 Q 8646 4.3 7540 1.198 1.000 Yes 6.2 NHo -
Titanium 0,500 60 ] 8177 32.0 3801 0.622 0.750 fes 0.4 No .-
M.S. 0.500 240 o 8973 4.0 5890 0.483 0.250 Yes 1.4 Yes 3.5 B
Lead G.074 30 60 3050 20.0 1554 . 0.193 0,185 Yes Q.5 No --
M.S. 0.132 120 60 2935 71.2 107 0.016 0.049 Yas 0.5 No --
Copper 0.248 240 60" 2930 197.4 87¢ 0.240 0.250 No 1.0 No -- B
M.S5. 0.102 30 60 5660 8.5 1949 0.181 0.187 Yes 0.3 No -
H.H.S. 0.125 120 60 5680 43,8 2627 G.4186 0.375 Yes 0.7 No --
F.H.S. S 0.139 240 &0 5515 8L.5 2614 G.583 0.253 Tes 0.9 Yes 4.5 B
Lead 0,070 3o 60 8872 3.4 5388 0.396 0.300 Yes 0.9 ¥o --
M.S. 0.030 60 60 8404 13.4 7418 0.941 0.950 Yes 0.4 No -

* PEstimated maximum thickness of 2024T-3 calibrating material M.5.: Mild Steel

that can be perforated by the residual fragment H.H.S5.: Hard Bomogeneous Steel
A: Perforation of calibrating material not anticipated F.H.8.: Face-Hardened Steel
Lower thickness of calibrating material used thaum t
Fragment ricochetted after making hole "in target

ow
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e(in.) ms(grains) 6 (degrees) Vs(fps) mr(grains) vr(fps) tmax(in')
H.E.S. 0.128 240 60 9093 29.2 6467 1,082
Copper G.060 n 70 2890 21.5 979 0.119
Magnesimm 0,310 120 70 3055 116.4 1432 0,341
Titaoium 0.127 240 70 2430 226.8 402 0.108
Lead ¢.135 3¢ 70 5410 <1.0 1272 0.050
F.H.S. 0.139 120 70 6290 11.% 626 0.058
H.E.S. 0,080 240 70 569C 105.7 2923 0.728
Magnesium  0.500 30 70 8841 244 3100 0.448
2024T-3 0.250 60 70 8746 25,5 4766 8,723
2024T-3 0.500 60 ] 7807 10.8 5651 0.641
20247-3 0.375 30 60 8135 8.4 3178 0.309
2024T-3 0,500 240 4700 179.4 3345 1.030
Copper 0,124 30 5010 48.9° 3391 0.647
Tuballoy 0.100 30 5572 11.7 2343 0.249
Tuballoy 0.100 240 60 4640 117.8 1404 0.336
F.H.S. 0.139% 260 0 3010 154.5 1886 0.516
F.H.S. 0.139 240 60 4930 89.9 2167 0.492

® Estimated maximum thickness of 2024T-3 calibrating material M.S.:

that can be perforated by the residual fragment H,H.S.:

B: Lower thickness of calibrating material used than tj_y F.H.S.:

Thickness of
2024T-3 Used

Actual

t{in.)

0.625
0.125
0.253
0.253
0.185
0.073
0.090
0.500
0.750
0.500
0.250
1.000
0.500
0.250
0.500
0.253
0.37

Mild Steel

Bard -homogeneous Steel
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CONCLUSIONS
The description of the impact situation and the results of the

impact can be given, in a simplified way, in terms of the following outline.

Impact Results
Conditions of Impact
l, Fragment: l, Perforation or
Partial Penetration
material _
size (ms) 2. Residual Fragment
shape ' ‘ (largest plece):
weight (m
2, Target: Bht ( t)
- condition
material shape
density velocity (V)
thickness (e) areal density (E) r
3 " 3. Spall:
« Other:
weight of each
striking velocity (Vs) shape } areicle
_ angle of obliquity of strike (8) velocityJ P
4., Target:
hole size

It is of interest fo observe how certain changes in impact
conditions affect the results of the impact., Only the weight and velocity
of the largest portion of residual fragment are being considered as results
of the impact, assuming of course that target perforation has taken place.
The capacity of the residual fragment for additional perforation is related
to both of these characteristics of the residual fragment (as well as other
characteristics, e.g., shape, condition),

1. For all metallic target materials, the fragment residual
velocity increases when any one of the following changes in {mpact

conditions occurs:

L



a) a decrease in target thickness,

by =

b)‘a decrease in obliquity of strike,
¢) an increage in fragment weight,
d) a decrease in the average presented area of the fragment,

e) an increase in striking velocity,

2, For all metallic target materials, the fragmentvreeidual weight
decreagses when any one of the following changeg in impact conditions occurs:
a) an increase In target thickness,
b) an increase in the striking velocity,

c) an increase in the average presented area of the fragment,

3. Incréasing the striking velocity of a fragment does not
necessarily increaée the capacity of the residual fragment for perforation
of some med{um, ali other impact conditions being fixed.

4, In view of the decrease in fragment residual weight with an
increase in fragment striking velocity, it becomes apparent that fragments at
sufficiently high ?eloci;y will be thwarted by even very thin targets,
regardless of the *arget material; holes in the target may result, but very

|
little, if any, ofithe original fragment will paés through in a single piece
of appreciable weight. Spall, thus, increases in importance relative to
the residual fragmgnt when the striking velocity is sufficiently high..

5. Soft{ high density target mﬂtefials'éudh as lead and copper
are materiala withilnw registance to perfdration at low striking veloeities.

As the striking veﬂocity increases, this resistance to perforation improves

until at a striking velocity of 9000 fps, these soft, high density materials

|
|
%

4



compare favorably even with hard steels {in their resistance to perforation.

~45-

" This comparison becomes all the more striking as the obliquity increases.

6. High density target materials, in general, cause more break-up
of the fragment, for equal areal densities of target.

7. For a given areal density of target, the fragment residual
weight varies much more with the target material than does the fragment
residual velocity.

8. A technique to measure the maximum capacity of the residual
fragment for additional perforation has been defined and successfully
tested., Whereas this measure tends to be conservative (the technique
predicts, in general, that the fragment can perforate more than what
seems possible), a firm basis has been established upon which improvements
can be made when it becomes possible to account for more refined aspects

of the results of the impact.

Following page is blank
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Appendix A

Graph Set I: Vo ve m for Selected Values of e

Figs . 4"33

Note: V° is the value of striking veloeity, vs, obtained from the empirical
formulas by setting the residual velocity, Vr. equal to zero., The eignifi-
cance of the V_ valuss has been established in previous reports by this
laboratory whare Vo has been found to be a good analytical approximation to
the protection velocity; the latter is defined to be the highest striking

velocity below the ballistic limit for which the probability of perforation
is zero. 1In other words, the V_ values are estimates of the limiting

striking velocities for which tge target always prevents perforation by the
fragment..
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for

Selected Target Thicknesses
Obliquity : 0° Fragment :
Target Material; 2024T7T-3 Type: BRL Pre—formed
Material: Steel, SAE 1020
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‘Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Wéigh'r for
Selected Target Thicknesses
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Obliquity :

Vo vs Fragment Weight for

Selected Target Thicknesses
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Vo vs Fragment Weight for
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Vo vs Fragment Weight for
Selected Target Thicknesses
Obliquity : 0° Fragment :
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for

Selected Target Thicknesses
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Vo vs Fragment Weight for

Selected Target Thicknesses
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Vo vs Fragment Weight for

Seleb'red Target Thicknesses
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'Vo vs Fragment Weight for
Selected Target Thicknesses
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Vo vs Fragment Weight for

Selected Target Thicknesses
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Vo vs Fragment Weight for
Selected Target Thicknesses
Obliquity: Q° Fragment :
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Vo vs Fragment Weight for

Selected Target Thicknesses
Obliquity: 60° | Fragment:
Target Material: Tuballoy Type: BRL Pre—formed
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Vo vs Fragment Weight for
Selected Target Thicknesses
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Appendix B

A m
r

Graph Set II: 7 and EE va vs for Selected Values of m and 6

Figs., 34-~120

Note: The use of double ordinates in these graphs requires some explanation,
Two sets of thickness contours are to be found on each graph of this type.

The thickness contours drawn with solid lines refer to the left-hand ordinate;
the dashed contours refer to the right-hand ordinate, Thus, for a given
graph and a given striking velocity, two ratios are found., The contours are
shown only where both ratios are positive. The dotted lines on these graphs
suggest that the associated residual velocities apply to a particle of
inaignificant-weight, These remarks emphasize the need for using the
empirical equations for residual velocity and residual weight jointly, 1In

this way, it becomes apparent where the estimates are valid, {.e., where
both estimates are positive,
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~ and — vs V., for Selected Target Thicknesses
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- and = vs V, for Selected Target Thicknesses

Target: Magnesium Alloy
Obliquity: 60°
Fragment Size: 30 grains
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e and — vs V, for Selected Target Thicknesses

Target: Magnesium Alloy
Obtiquity:  O°
Fragment Size: |00 grains
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~ oand % vs V; for Selected Target Thicknesses

Target: Magnesium Alloy
Obligquity : 60°
Frogment Size: |00 grains
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v, and — vs V, for Selected Target Thicknesses

Target: Magnesium Alloy
Obliquity : O°
Fragment Size: 300 grains
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and % vs Vi for Selected Target Thicknesses

FSIES

Target: Magnesium Alloy
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Fragment Size: 300 grains
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v ond — vs V, for Selected Target Thicknesses
Target: Magnesium Alloy
Obliquity: 70°
Fragment Size: 300 grains
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v ond — vs V, for Selected Target Thicknesses
S S
Target: Aluminum Alloy, 2024 T-3
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v. and — vs Vi for Selected Target Thicknesses

Target: Aluminum Alioy,2024T-3
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s and -;1 vs V. for Selected Target Thicknesses
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-;% and —'—;-5 vs V; for Selected Target Thicknesses
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v ond — vs V. for Selected Target Thicknesses
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~ and — vs V. for Selected Target Thicknesses

Target: Aluminum Alloy,2024T-3
Obliquity : 70°
Fragment Size: 300 grains
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Y and ™ vs V, for Selected Target Thicknesses $
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— and — vs V., for Selected Target Thicknesses

Target: Titonium Alloy
Obliquity : 60°
Fragment Size: 30 grains
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Selected Target Thicknesses
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Selected Target Thicknesses
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W and DL vs V, for Selected Target Thicknesses
Target: Titanium Alloy
Obliquity: ©O°
Fragment Size: 300 grains
~ _Dashed Thickness Contours Refer-to -:-:—:—;— Ordinate -
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v ond — vs V, for Selected Target Thicknesses
~Target: Titanium Alloy
Obliquity : 60°
Fragment Size: 300 grains

Dashed Thickness Contours Refer to —:—f— Ordinate
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s and — vs V. for Selected Target Thicknesses

Target: Titonium Alloy
‘Obliquity :  70°
Fragment Size: 300 grains

Dashed Thickness Contours -Refer’fv--:% ~ Ordinate
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Fig. 61

V, m -
v ond — vs V. for Selected Target Thicknesses
s s
Target : Cast lron
Obliquity : 0°
Fragment Size: 30 grains
Dashed Thickness Contours Refer to L Ordinate
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Selected Target Thicknesses

Ve m
v and — vs Vo for
s s
Target: Cast Iron
Obliquity : 60°
Fragment Size: 30 grains
o= Dashed Thickness Contours Refer fo L Ordinate
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\'/ m .
v ond — vs Vi for Selected Target Thicknesses
s s
Target : Cast
Obliquity : 0°
Fragment Size: (00 grains
Dashed Thickness Contours Refer to -;T—'— Ordinate
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v ond — vs V; for Selected Target Thicknesses
s s
Target : Cast liron
Obliquity : 60°
Fragment Size: 100 grains
R Dashed Thickness Contours Refer to %’— Ordingte
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v, and o vs Vo for Selected
s
Target:  Cast iron
Obliquity : o°

Target Thicknesses

Fragment Size: 300 grains

Dashed Thickness Contours Refer to
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V; and % vs V., for Selected Target Thicknesses E
' Target: Face-Hardened Steet
Obliquity : 60°
Fragment Size: 30 grains
Dashed Thickness Contours Refer to -:—’ Ordinate
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Selected Target Thicknesses

Ve My
VA — vV, for
2 and ~ v$ S
Target: Face-Hardened Steel
Obliquity : 70°
Fragment Size: 30 grains
: m .
Dashed Thickness Contours Refer to TnL Ordinate
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vs r s r s . m,
0.4 dition, we conclude that no thickness of face-hardened steel > 0.125" 0.4
will be perforated, leaving a residual fragment of measurable weight.
0.2 0.2
0 ' 0
500 1000 2000 3000 4000 5000 6000 7C00 8000 3000 10000
v, (fps)

Fig. 69

=611~




V, m .
v ond — vs Vi for Selected Target Thicknesses
s S
Target: Face- Hardened Steel
Obliquity : O°
Fragment Size: |00 grains
S -Dashed -Thickness Contours Refer to -—E—f- Ordinate
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Selected Target Thicknesses

\ﬁ My
Vs and -HT; VS Vs for
Target : Face-Hardened Steel
Obliquity : 60°
Fragment Size: {00 grains
Dashed Thickness Contours Refer to -!-r;‘i Ordinate
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Selected Targef Thicknesses

Ve My
A and Vs V, | for
Target: Face-Hardened Steel
Obliquity : 70°
Fragment Size: (0O grains
Dashed Thickness Contours Refer to -%'5- Ordinate
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v, ond — vs Vs Selected Target Thicknesses
S S
Target: Face-Hardened Steel
Obliquity : O°
Fraogment Size: 300 grains
Dashed Thickness Contours Refer to % Ordinate
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Selected Target Thicknesses

Vr mr '
L2 and - vs V, for
Target : Foce-Hardened Steel
Obliquity : 60°
Frogment Size: 300 grains
Dashed Thickness . Contours Refer to -:‘i Ordinate
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v, and — vs V. for Selected Target Thicknesses

Target : Face-Hardened Steel
Obliquity : 70°
Fragment Size: 300 grains

Dashed .Thickness Contours Refer to L':-r— Ordinate
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Target :

Obliquity :

Mild Steel, BHN ~ I50

o°

Fragment Size:

30 grains

Dashed Thickness  Contours Refer to

S

M Ordinate

vs V., for Selected Target Thickne]igs:es
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V m .
v ond — vs V. for Selected Target Thicknesses
s S
Torget : Mild Steel, BHN~IS50
Obliquity: 60°
Fragment Size: 30 grains
Dashed Thickness Contours Refer to _rf:‘lr_ Ordinate
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Ve my . &
V. and — s V. for Selected Target Thicknesses
S s
Target:  Mild Steel, BHN~ i50
Obliquity: 70°
Fragment Size: 30 grains
Dashed Thickness Contours Refer to ?nm—' Ordinate .-
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Obliquity: 0°

Fragment Size: 100 grains

Mild Steel, BHN ~150

V; for Selected ‘Turgef Thicknesses
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V. ond _E_': vs V, for Selected Target Thicknesses

Target: Mild Steel, BHN~I50
Obliquity : 60°
Fragment Size: (00 grains

Dashed Thickness Contours Refer to -r-'::—’ Ordinate
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v, ond %—'- vs V, for Selected Target Thicknesses
S -
Target: Mild Steel, BHN~ 150
Obliquity : 70°
Fragment Size: 100 grains
Dashed Thickness Contours Refer to -t Ordinate
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Selected Target Thicknesses

-8C1-

\/ Mmy
—\7; and ™. Vs Vs for
Target:  Mild Steel, BHN~I50
Obliquity : 0° '
Frogment Size: 300 grains
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Ve il V, for Selected Target Thicknesses

Target: Mild Steel, BHN~I50
Obliquity: 60Q°
Fragment Size: 300 grains

r

Dashed Thickness Contours Refer to :‘—s Ordinate
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V; for Selected Target Thicknesses

-0eT-

—YE d mr Vs
V. an -
Target: Mild Steel, BHN~ 50
Obliquity : 70°
Fragment Size: 300 grains
Dashed Thickness Contours Refer to -g—'— Ordinate
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Ve mr V, for Selected Target Thicknesses

Torgef: Hard Homogeneous Steel
Obliquity : o°
Fragment Size: 30 grains

Dashed Thickness Contours Refer to -E’— Ordinate
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V .
v, and — V, for Selected Target Thicknesses
3
Target: Hard Homogeneous Steel
Obliquity : 60°
Fragment Size: 30 grains
Dashed Thickness Contours Refer to::—: Ordinate
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Fig. 87

V .
v' and —2—’ vs V; for Selected Target Thicknesses
S S
Target : Hard Homogeneous Steel
Obliquity : 70°
Fragment Size: 30 grains
Dashed Thickness Contours Refer to Ei Ordinate
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Selected Target Thicknesses

\'A m,
v, and o= vs YV, for
Target: Hard Homogeneous Steel
Obliquity : o’

Fragment Size: 100 grains
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Selected Target Thicknesses

V, m,
.A and Vs V., for
Target: Hard Homogeneous Steel
Obliquity : 60°
Frogment Size: 100 grains
Dashed Thickness Contours Refer to %"— Ordinate
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Fig., 90

V m ' .
-\75 and -E-'- vs V., for Selected Target Thicknesses
S
Target: Hard Homogeneous Steel
Obliquity : 70°
Fragment Size: (00 grains
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v ond — vs Vi for Selected Target Thicknesses
S
Target: Hard Homogeneous Steel
Obliquity : 0°
Frogment Size: 300 grains
Dashed Thickness Contours Refer to —% Ordinate
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V; for Selected Target Thicknesses

Vr d mr
V. 9ad o VS
Target: Hord Homogeneous Steel
Obliquity : 60°

Fragment Size: 300 groins
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e Ordinate

. Dashed Thickness Contours Refer to
S
o) 1.0
1
08 w\A‘; loa
\ /
N 1 / . :
06 ' - v 0.6
: 9
Ve s 7 S A = I m,
0.4 - S < X 0.4
‘«9 y \ \ et 4"
02 I S S 0.2
~ ~
LA ~ ~
™~
0 , > 0
500 1000 2000 3000 7000 8000 9000 10000




08

0.6

0.2

v, {fps)

Fig. 93

v ond — vs Vo for Selected Target Thicknesses
S S
Target: Hard Homogeneous Steel
Obliquity: 70° |
Frogment Size: 300 grains
Dashed Thickness Contours Refer to'%— Ordinate
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m .
v, and 'ﬁn"i vs V; for Selected Target Thicknesses
Target: Copper
Obliquity : O°
Fragment Size: 30 grains
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ul V. for Selected Target Thicknesses

v, ond ™ VS
- Target: Copper
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for Selected Target Thicknesses
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ond — vs vV, for

Selected Target Thicknesses

Fig. 98
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Ve 2 vs  V, for Selected Target Thicknesses
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Dashed Thickness

V; for Selected Target Thicknesses
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<~ and *55 vs V; for Selected Target Thicknesses
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and — vs V. for Selected Target Thicknesses
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and -2—: vs V., for Selected Target Thicknesses

<<

Target: Lead
Obliquity : 60°
Fragment Size: 30 grains

Dashed Thickness Contours Refer to Fr-n"—'- Ordinate

s

{.0 ——‘ 1.0
k €L
NS ~
o8 \‘Q G 0.8
NI

~

N ~ ~
06 e I 06

» >!/) ~. & -
o 95 ~ 05
e AN N ~ j
- v e S R R AP
N\ ~N >~ '
a‘ .\25 —(_ \ \ R
\ ~{" ~ ~.
r S B R R P SR S
\Q‘S‘* .4 .- el
N P R \
W \ N T 0.2
e” 25 /\T—F__ ~N
N ~

/ . ‘:1‘96'* )

o A\ . 0

500 000 2000 3000 4000 5000 6000 7000 8000 9000 10000

-08T1-



v, and — vs Vs Selected Target Thicknesses
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V. for Selected Target Thicknesses
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Selected Target Thicknesses
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_YE and —~ vs V; for Selected Target Thicknesses
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%: and —::—; vs V; for Selected Target Thicknesses
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Fragment Size: 300 grains
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Selected Target Thicknesses

Fig. 117
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Selected Target Thicknesses
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V. for Selected Target Thicknesses
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Appendix C

Graph Set III: Vr ve E for Various Combinationa of m_ 6, and Vs

Figs. 121-147

Note: Within these sets of graphs, a contour for a particular material is
shown only for those values of the abscissa for which m, and Vr are both

positive. Furthermore, the contours are not significantly extrapolated
beyond the interval of thicknesses of target material employed in the basic
experiments. This explains, for example, why the contours for face-hardened
steel start at a value of E of 5 1b/ft? corresponding to a minimum experi-
mental thickness of 0,125". No contours for cast iron appear on graphs for
conditions of either 9000 fps or 70° obliquity for the reason that the ex-
perimental data did not cover these conditions. However, a contour for a
given material may not appear on a graph simply because there is no per-
missible value of E for which both m_ and V_ are positive under the condi-
tions for that graph. r r
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V, vs E for Various Gombinations of mg,0,and V;
ms= 30 grains 6= Q degrees Vs = 3000 fps

e (inches of Tubolloy)
00514 010 020 04l 072 102 205 514

3000%
ksl

] -:"'h\ P\ .
| R
250

2000H—
Ve
|
1500} ;
1000} :
| \\ \
o : . Y A
05 07 10 . 20.0 50.0
| E(Ib/f12) u
Magnesium @ - 10.58 F.H. Steel —— e 2,41
2024 T-3 \ ------ - 6.65 Hord Steel ——— 2.4
Titanium l-—-—--- 4.7 Copper —_— 210
Cast lron -« 2.59 Lead —— .70
Mild Steel —=—-— = 2.4 Tuballoy —— 1.00

*Rofio of Materiol Thickness Relative to a Unit Thickness ot Tuballoy

Fig., 121

)



-169-

V, vs E for Various Gombinations of mg,0 ,and Vg

mg = 100 grains O= O degrees V; = 3000 fps
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V, vs E for Various Gombinations of mg,0,and Vs
ms=3oogruins 0= O degrees Vs = 3000 fps
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vs E for Various Gombinations of mg,0 ,and Vs
m¢= 30 grains  ©=60 degrees V, = 3000 fps
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V, vs E for Various Gombinations of mg,8,and Vs
mg = 100 grains ©=60 degrees Vs = 3000fps
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V, vs E for Various Gombinations of mg,0 ,and Vs

mg = 300 grains

0=60 degrees

Vs = 3000 fps
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V, vs E for Various Gombinations of mg,©,and Vs
me=30 qrains 0=70 degrees Vs = 3000 fps

e (inches of Tuballoy)
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Vy vs E for Various Gombinations of mg,0,and Vy

mg = 100 grains

6= 70 degrees

e (inches of Tuballoy)

Vs = 3000 fps
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V, vs E for Various Combinations of mg,0,and V,

mg =300 grains 0=70 degrees Vs = 3000 fps
e (inches of Tuballoy)
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V, vs E for Various Gombinations of mg,6 ,and Vs

m¢= 30 grains 0= O degrees Vs = 6000 fps
e (inches of Tuballoy)
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V, vs E for Various Combinations of ms,8,and Vs
m¢ = 100 grains 0= O degrees Vs = 6000 fps

e (inches of Tuballoy)
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vs E for Various Combinations of mg,0,and Vg
mg = 300 grains 0= O degrees Vs = 6000fps

e (inches of Tuballoy)
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V, vs E for Various Combinations of mg,0,and Vs

mg=30 grains 6=60 degrees V, = 6000 fps

e {inches of Tubcll'oy)
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Vi vs E for Various Gombinations of mg,0 ,and Vs
mg = 100 grains 0=60 degrees V; = 6000 fps

e (inches of Tuballoy)
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V, vs E for Various Gombinations of mg,0 ,and Vg

mg = 300 grains ©= 60 degrees Vs = 6000 fps

e (inches of Tuballoy)
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V, vs E for Various Combinations of mg,0,and Vg

mg= 30 grains

Q=

TO degqrees

e (inches of Tuballoy)
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Vs = 6000 fps
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V. vs E for Various Gombinations of mg,8,and V
mg = 100 grains ©= 70O degrees Vs = 6000fps

e{inches of Tuballoy)

00514 010, 020 .04l 072 102 .205 54 =
6000}
::.‘ T -
~
\n
5000}
4000}
A
3000}
- \
100
0 \
05 07 o . 2.0 4.0 70 100 20.0 800
; 2
. E(ib/ft°) "
Magnesium ~———-—- 10.58 F.H. Steel ———na 2.4 -
2024 7-3 —— 6.65 Hard Steel ————— 2.41
Titanium — s 417 Copper —eee 2. 10
Cast 170n _. 259 ‘ Leed ‘ ———  ——— | 70 ) :
Mild Steel mi---—— 2.4\ Tubolloy ——re— | OO

¥ catio of Moterigl Thickness Relative to a Unit Thickness ot Tuballoy

Fig. 137



=185=

V, vs E for Various Gombinations of mg,0,and V;

mg = 300 grains

0=70 degrees

e (inches of Tubaolloy)
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V. vs E for Various Gombinations of me,0 ,and Vg

mg= 30 grains

0= 0 degrees

e (inches of Tuballoy)

Vs = 9000 fps
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V, vs E for Various Combinations of mg,0,and V

m¢ = 100 grains 0= O degrees Vs = 9000 fps
e {inches of Tuballoy)
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V, vs E for Various Gombinations of mg,0 ,and V;

mg = 300 grains ©= 0 degrees Vs = 9000 fps
e (inches of Tuballoy)
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V, vs E for Various Combinations of mg,0,and Vg

me = 30 grains 6=60 degrees ' V,=9000 fps
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V, vs E for Various Gombinations of mg,8,and Vg
mg = 100 grains 9= 60 degrees Vs = 9000 fps

e(inches of Tubolloy)
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V, vs E for Various Gombinations of mg,6,and Vg
mg = 300 grains 0= 60 degrees V; = 9000 fps
e (inches of Tuballoy)
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V, vs E for Various Gombinations of mg,6,and Vg
me=30 grains 'B8=T0 degrees Vs = 9000 fps

e (inches of Tubolloy)

00514 010 .020 .04l 072 102 205 514
9000}
\.::J:‘\
O
J~
7500} S
N NN
\ N \\J
\_\ AN
NN N
V) . W
L IR
V' \\\'\\
4800} \ -\'\’ﬂ
VLR
v M
x\ | 8 \
g \
3000]. TSAY
! L\
\
i ‘ \
.\ \
1500} L\
\
v
'V
S
0 ‘ 1
085 07 I.Q 2.0 40 70 100 200 50.0
E(Ib/ft?2) | .
Mognesium  ————- 10.58 ~ F.H. Steel  —-—-= 2.41
2024 T-3 . — =~ —- 6.65 Hard Steel ——— 2.41
Titanium | —-—~wme 4.7 Copper ——— 2 10
Cast lron | v 2.59 Lead —em— | TO
Mild Steel ——-— - 2.4l Tuballoy ——vem 100

*Rofio of Materiol Thickness Relative to a Unit Thickness of Tuballoy




mg =100 grains
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V, vs E for Various Gombinations of ms,e.,ond Vs
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V, vs E for Various Combinations of mg,0,and Vs
mg = 300 grains ©= 70 degrees Vs = 9000 fps

e (inches of Tuballoy)
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Appendix C

Graph Set IV: m_vs E for Various Combinations of L 6, and Vs

Figs. 148-174

Note: Within these sets of graphs, a contour for a particular material is
shown only for those values of the abscissa for which m. and Vr are both

positive, Furthermore, the contours are not significantly extrapolated
beyond the interval of thicknesses of target material employed in the basic
experiments., This explains, for example, why the contours for face-hardened
steel start at a value of E of 5 1b/ft“ corresponding to a minimum experi-
mental thickness of 0.125", No contours for cast iron appear on graphs for
conditions of either 9000 fps or 70° obliquity for the reason that the ex-
perimental data did not cover these conditions. However, a contour for a
given material may not appear on a graph simply because there is no per-
missible value of E for which both m and V are positive under the condi-
tions for that graph.




=«196=

me vs E for Various Gombinations of mg,0,and Vs
me= 30 grains 8= O degrees Vs = 3000 fps

e (inches of Tuballoy)
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mr vs E for Various Combinations of mg,0,and Vi
m¢ = 100 grains 0= O degrees Vs = 3000 fps

e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,8,and Vi
ms=300g}rnins 8= 0 degrees Vs = 3000 fps

e (inches of Tuballoy)
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m,vs E for Various Gombinations of mg,0,and Vg
ms= 30 grains 0= 60 degrees Vs = 3000 fps

e(inches of Tuballoy)
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m, vs E for Various Gombinations of mg,0,and Vg
mg = 100 grains 0= 60 degrees Vs #3000 fps

e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,0 ,and V,

mg = 300 grains 0=60 degrees Vs = 3000 fps
e (inches of Tuballoy)
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m,vs E for Various Combinations of mg,0,and Vg

ms= 30 grains ©=70 degrees Vs =3000 fps
| e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,0,and Vg

mg = 100 grains

0= 70 degrees

e (inches of Tubalioy)

=203~

V, =3000 fps

00514 .0l0 .020 Q4 072 .02 514
I N I
OO DU o )
20 L
S
N 7
75 ‘}"ﬁ—L -
\.-
60 A . N s
m, \
45 1\\
30 —
15
o
05 07 10 2.0 40 70 100 50.0
2
. E(tb/ftc) .
Magnesium  — ———- 10.58 F.H. Steel 2.4\
2024 7-3 —— - 6.65 Hard Steel 2.41
Titanium ———— 417 Copper 2.10
Cast lron 2 .59 Lead 1.70
Mild Steel ——:— - 2.4 Tubalioy 1.00
*Rotio of Material Thickness Relative to o Unit Thickness of Tuballoy

Fig. 155



~204- "

m, vs E for Various Combinations of mg,®,and Vg

m¢ =300 grains 0=70 degrees - Vs =3000fps
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m, vs E for Various Combinations of mg,0,and V,
mg= 30 grains 0= O degrees Vs #6000 fps

e(inches of Tubolloy)
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m, vs E for Various Gombinations of mg,©,and Vg

mg= 100 grains ©= O degrees Vs = 6000 fps
e (inches of Tuballoy)
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m, vs E for Various Combinations of mg,©,and
mg = 300 grains 6= O degrees V; = 6000 fps
e (inches of Tuballoy)
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m,vs E for Various Gombinations of mg,0,and Vg

mg= 30 grains O =60 degrees V; 26000 fps
e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,0,and Vg

me = 100 grains 0= 60 degrees V, 6000 fps
e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,0 ,and Vs

mg =300 grains 0= 60 degrees Vs = 6000 fps
e (inches of Tuballoy) '
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m, vs E for Various Gombinations of mg,0 ,and V,
mg= 30 grains O+= TO degrees Vs = 6000 fps

e(inches of Tuballoy)
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my vs E for Various GCombinations of mg,0,and Vs

mg = 100 grains =70 degrees Vs 26000 fps
e (inches of Tuballoy)
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m, vs E for Various GCombinations of ms,0,and V;
Vs = 6000 fps

mg = 300 g'roins

©=T70 degrees

e (inches of Tubolloy)
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mr vs E for Various Gombinations of mg,0,and Vg

mg= 30 grains 0= O degrees Vs = 9000 fps

e (inches of Tubailoy)
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m, vs E for Various Combinations of mg,0,and Vg

ms = 100 grains Q= O degrees Vs = 9000 fps
e (inches of Tubolloy)
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m, vs E for Various Gombinations of ms,0 ,and Vg
mg = 300 grains ©= 0 degrees Vs = 9000 fps

e (inches of Tuballoy)
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mr vs E for Various Gombinations of ms,8,and V,

mg= 30 grains

Q=60 degrees

e (inches of Tuballoy)
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m, vs E for Various Combinations of ms,6,and Vg
mg = 100 gfoins 8=60 degrees Vs =9000 fps

e (inches of Tuballoy)
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ms = 300 grains

e
|

m, vs E for Various Combinations of mg,©,and V,

6=60 degrees

e (inches of .Tubolloy)

Vs =9000 fps
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mr vs E for Various Combinations of mg,6,and V

mg= 30 grains 0= 70 degrees Vs =9000 fps
e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,0,and V;
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mg = |00 grains 0= 70 degrees Vs = 9000 fps
e (inches of Tuballoy)
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m, vs E for Various Gombinations of mg,8,and V;

mg =300 grains 8= 70 degrees Vs =9000 fps
e (inches of Tuballoy)
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Appendix C

Graph Set V: f(mr’ Vr) vs E for a Particular Combination of mes g, Vs;

Figs. 175-178

Note: Within these sets of graphs, a contour for a particular material 1is
shown only for those values of the abscissa for which m_ and Vv_ are both
positive. Furthermore, the contours are not significantly extrapolated
beyond the interval of thicknesses of target material employed in the basic
experiments, This explains, for example why the contours for face-hardened
steel start at a value of E of 5 1b/ft? corresponding to a minimum experi-
mental thickness of 0.125", No contours for cast iron appear on graphs for
conditions of either 9000 fps or 70° obliquity for the reasom that the ex-
perimental data did not cover these conditions. However, a contour for a
given material may not appear on a graph simply because there is no per-

missible value of E for which both m and v are positive under the condi-
tions for that graph.
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fmy) vs E for Various Combinations of mg,0,and Vg
mg =100 grains 8=60 degrees Vs = 6000 fps

e (inches of Tuballoy)
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fimw) vs E for Various Combinations of mg,0 ,and Vg

#{m,, V)= m:V, (107%)

mg=100 grains

0=60 degrees

e (inches of Tuballoy)

Vs = 6000 fps

Fig, 176
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fimvo vs E for Various Gombinations of mg,0 ,and Vg
| mg =100 grains 0=60 degrees Vs 26000 fps

e (inches of Tubalioy)
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fmy) vs E for Various Gombinations of mg,6 ,and Vs

Hm, V) s m v, (10713)
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Appendix D
Graph Set VI: e (inches of Celotex) vs E

for various Combinations of m_, 6, and vB

Figs., 179-205

Vot

Note: The ordinate represents an estimate of the maximum thickness of
calibrating material that can possibly be perforated by the largest portion
of the residual fragment after the original fragment has impacted initially
on one of the given metallic targets. The assumption is made that the
residual fragment strikes the calibrating material at normal impact and that,
furthermore, the shape of the original fragment is retained despite any loss
in weight.

On each graph in this appendix there appears a value of e . This value is
an estimate of the maximum thickness of the calibrating material that the
original fragment can perforate, assuming normal impact and no intermediate
barrier.

The contoure are limited on these graphs to 72" of celotex and 3,0" of
20241-3, These represent the maximum thicknesses of these materials that
have been considered in BRL single-target firings. 1In fact, there is no
instance to date of a perforation of 3.0" of 2024T-3 in BRL experimental
work with pre-formed fragments,
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e, vs E for Various Gombinations of ms,0,and Vg
mg= 30 grains 0= O degrees Vg = 3000 fps
e (inches of Tuballoy) |
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e.a VS E for Various Gombinations of mg,0,and V;
s = 100 grains =0 degrees V; 23000 fps

e (inches of celotex)

m
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e (inches of Tuballoy)
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e, Vs E for Various Gombinations of mg,0,and Vg
mg =300 grains 8= O degrees Vs = 3000 fps

e (inches of Tuballay)
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e.s Vs E for Various Gombinations of mg,0,and Vs

ms=30 grains 9 =60 degrees Vg = 3000 fps
e (inches of Tubolloy)
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e, Vs E for Various Combinations of mg,0 ,and Vs
mg = 100 grains 0=60 degrees V, =3000 fps

e (inches of Tuballoy)
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of celotex)

e{inches

I

€c VS E for Various Combinations of mg,0,and V

mg =300 grains

0=60 degrees

e (inches of Tuballoy)
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Vs = 3000 fps
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e., vs E for Various Gombinations of mg,©0,and Vg
©=70 degrees Vs =3000 fps

e (inches of Tuballoy)

Mg = 30 grains
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e.. Vs E for Various Combinations of mg,0 ,0nd Vg

e{inches of celotex)

mg =100 grains 6= 70 degrees V, = 3000 fps
e(inches of Tuballoy)
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e, vs E for Various Combinations of mg,0,and Vg
ma=3009roins ©0=T0 degrees Vs = 3000 fps

e (inches of Tuballoy)
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vs E for Various Gombinations of mg,0,and Vg
= 30 grains ©= 0 degrees = 6000 fps
e (inches of Tuballoy)
.00514 010 .020 .04 072 102 .205 514
€o=37"
36
30 — 1 _
3
o24 1 ]
»
o
("
[+]
[
2
g8
K
12 . ‘,\ ]
N \\
R
\ \';-. ‘ :
MR N
0 3 \ N
0.5 07 1.0 2.0 4.0 70 100 20.0 50.0
2
M E(lb/ftc) N
Magnesium =~ ———- 10.58 F.H. Steel —— = 2.4
2024 T17-3 ———~ 6.65 Hard Steel — 2.4
Titanium oo 4.17 Copper ——— 210
Cast lron 2 .59 Lead ——e— .70
Mild Steel ==~ - 2.4 Tubolloy ——— 1.00
J”Rutio of Material Thickness Relative to a Unit Thickness of Tubolloy
Fig. 188




-240~

e, vs E for Various Combinations of mg,0,and Vg

ms=100 grains  ©= O degrees V, =6000 fps
| e (inches of Tuballoy)
00514 .0l0 020 04l 072 102 205 514
S~k
%
48 ~p <l
.
oo
I
@
o 32
E
%
w0
£ o4
g
°
16
o
086 07 {0 0 - 40 TO0 100
| E(1b/11?) u
Magnesium; — —~—-—- 10.58 F.H. Steel e 2 G
2024 T*3f T e——— 6.65 Hard Steel —— 2.4|
Titanium . —o—me 4.7 Copper —— 210
Cast lron.  -eoeveeen 2.59 Lead ——— .70
“Mild Steel ——-— - 2.4 Tuballoy ~ ——w— 1.00

*Ratio of Mb]enul Thickness Relotive to a Unit Thickness of Tuballoy

Fig. 189

'
| v
[



.

=241 -

el vs E for Various Combinations of mg,0,and Vs

LY

e{inches of celotex)

mg = 300 grains

0= O degrees
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e.s Vs E for Various Gombinations of mg,0,and Vg

mg=30 grains ©=60 degrees Vs =6000 fps
, e(inches of Tuballoy)
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e.s VS E for Various Gombinations of mg,0,and Vg
©=60 degrees

Vs =6000 fps

e (inches of Tuballoy)

*Rotio of Moterial Thickness Relotive to a Unit Thickness of Tuballoy

Fig. 192



«244-
ecel

elinches of celotex)

vs E for Various Gombinations of mg,0 ,and Vi

mg =300 grains
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e, Vs E for Various Combinations of mg,0 ,and V;

e {inchee of celotex)

mg =30 grains 0=70 degrees

e (inches of Tuballoy)
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00514 010 020 .04i Q72 102 205 .514
N €,= 38"
A
N\
s0f- .
\-
\I
25
aaff
16
o}
5
ol
05 o7 1.0 2.0 40 70 100 200 50.0
E(Ib 7 £12) u
Magnesium ————- 10.58 . F.H. Steel —— e 2.4
2024 717-3 —rmmm 6.65 Hard Steel 2.41
Titanium LI T 3 N 4 Copper e 210
Cast lron  —eomeen 2.09 Lead ———ememee |70
Mild Steel ——-= - 24 Tuballoy —_— |.00

*Roﬁo of Material Thickness Relative to a Unit Thickness of Tuballoy

Fig. 194

auniiin,



=246~

e., vs E for Various Gombinations of mg,0,and Vg
ms =100 grains 0=T0 degrees Vs = 6000 fps

e (inches of Tuballoy)
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e., vs E for Various Gombinations of mg,6 ,and Vg

mg =300 grains 0=70 degrees V5 26000 fps
e (inches of Tuballoy)
00514 .010 020 .04l 072 102 205 514
e,> 72"
72 s
-
o -
- ~
.\\ A
S ~
6 AN \
Y N
T AR
n§ -~ \l\ \\
. N YO
o 48*' < B B e—
- ~ \
o . \ \
\ \
" AN "\ A
# g A
g Mo A
< 36 —
® \ \\.
RANE
W
\ %
24 \\4
\Qii . ‘\\\\
12 LY ANERV
\ \ \
. \ -
\ Tg\ \
O‘ 3 \\:'\
05 Q7 10 2.0 40 70 100 20.0 500
E(Ib/f1?) u
Magnesium ———-—~ 10.58 F.H. Steel s - 2.4|
2024 T7-3 ——— - 6.65 Hard Steel ———— 2.4}
Titanium —— e 47 Copper _— 2.0
Cast lron e 2 .59 Lead : ——a |.TQ
Mild Steel —=-— - 2.4 Tubaltloy e 1.00

*Ratio of Material Thickness Relative to a Unit Thickness of Tuballoy

Fig. 196



~248~

e Vs E for Various Gombinations of mg,0 ,and Vg

me= 30 grains ©= O degrees Vs = 9000 fps
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e.w vs E for Various Gombinations of mg,6,and Vg
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e.., Vs E for Various Gombinations of mg,0,and Vg

mg =300 grains = O degrees Vs = 9000 fps
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e, Vs E for Various Combinations of mg,0,and Vg
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e.. Vs E for Various Gombinations of mg,0,and Vg
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vs E for Various Combinations of mg,0,and Vg

ms = 300 grains 0=60 degrees Vs = 9000 fps
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e.s Vs E for Various Gombinations of mg,0,and V;
mg=30 grains ©=70 degrees Vs 29000 fps
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e.. vs E for Various Combinations of mg,0 ,and Vg

mg =100 grains

©=70 degrees

e (inches of Tuballoy)
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e., Vs E for Various Combinations of mg,0,and Vg
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Appendix D
Graph Set VII: e (inches of 2024T-3) vs K

for Various Combinations of m 6, and Vs

Figs. 206-232

Note: The ordinate represente an estimate of the maximum thickness of
calibrating material that can possibly be perforated by the largest portion
of the residual fragment after the original fragment has impacted initially
on one of the given metallic targets. The assumption is made that the
residual fragment strikes the calibrating material at normal impact and that,
furthermore, the shape of the original fragment is retained despite any lose
in weight.

On each graph in this appendix there appears a value of e, . This value is
an estimate of the maximum thickness of the calibrating miterial that the
original fragment can perforate, assuming normal impact and no intermediate
barrier.

The contours are limited on these graphs to 72" of celotex and 3.0" of
2024T-3. These represent the maximum thicknesses of these materials that
have been considered in BRL single-target firings, 1In fact, there is no
inatance to date of a perforation of 3.0" of 2024T-3 in BRL experimental
work with pre-formed fragments.
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e,.,s Vs E for Various Gombinations of mg,0,and V;
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€,004 VS E for Various Gombinations of ms,0,and V,
mg =300 grains 0= 0 degrees Vs =3000 fps
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€024 VS E for Various Gombinations of mg,6,and V;
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€,0,, Vs E for Various Gombinations of mg,0,and Vs
mg =100 grains 0=60 degrees Vs =3000 fps
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vs E for Various Gombinations of mg,0,and Vi
mg =300 grains O=60 degrees Vs = 3000 fps
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€,0,4 VS E for Various Combinations of mg,0,and Vg

mg =30 grains =70 degrees Vs 23000 fps
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vs E for Various Gombinations of mg,0 ,and V;
mg =100 grains 8=70 degrees Vs 23000 fps
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€024 VS E for Various Gombinations of mg,0,and Vg

e{inches of 2024T-3}

mg=30 grains 0= O degrees Vs = 6000 fps
e (inches of Tuballoy)
00514 .0I0 .020 04l 072 .02 205 514
. 844w}
of ]
.66
42

14
ol
05 07 1.0 2.0 40 70 100 20.0 50.0
2
x E(Ib/ft°) .
Magnesium = ————-~ 10.58 F.H. Steel —— 2.4
2024 7-3 ———~ 6.65 Hard Steel 2.4)
Titanium e G Copper it 210
Cast lron 2.59 Lead — |.TO
Mild Steel ——-— - 2.4I Tuballoy i .00

*Rofio of Moterial Thickness Relative to a Unit Thickness of Tuballoy




e... vs E for Various Combinations of mg,0,and Vg

~268-

2024
ms =100 grains 0= 0 degrees V, = 6000 fps
N e (inches of Tubalioy)
00514 010 020 04l 0712 102 . .208 514

€,°1.60"

|..50L —t—

r‘.*ﬂ'~n N
l.zsL - A}

‘— “ ' . \ "
" - \\:
% 1.00— >, AN NN
o DN
~ ' "N
[
[-]
[ ]
_ 5" .75
E
o
.80}
.28
OI ' - N
05 OT 10 2.0 40 70 100 20.0 500
' E(Ib/ft2) ,
Magnesium' ——-—-—~ 10.58 F.H. Steel  —w—wm 2,41
2024 T-3 =~ — - 6.65 _‘ Hard Steel —— 2.41
Titanium = —o e 4.17 - Copper ———— 210
Cos’ lron ............‘..... 2.59 Leud ———— ——— . '70
‘Mild Steel ——-— - 2.41 Tuballoy e v | .00

*Rutio of Mdteriul T'hickr_ness Relative to a Unit Thickness of ‘Tubolloy
Fig. 216

‘"
AV
&



.

_269-
€,00s VS E for Various Gombinations of m¢,6 ,and Vg
mg = 300 grains 8= 0 degrees V, = 6000 fps
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€,004 VS E for Various Gombinations of mg,0,and Vq
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vs E for Various Gombinations of mg,0,and V
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vs E for Various Gombinations of mg,0 ,and Vg
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Appendix E

Graph Set VIII: Impact Conditions for Fragment Shatter
a. Shatter Criterion: c¢' =0

Figs. 233-241

Note: No graph for Magnesium appears within this Graph Set. The limitations
of the experimental data for this material were such that extreme cases of
fragment break-up are not in evidence. §Still higher striker velocities would
be needed to produce the break-up data necessary to warrant the predictions
of impact conditions on this material for which the fragment will shatter.
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Impact Conditions For Fragment Shatter

Target Material: Aluminum Alloy,20247T-3
Shatter Criterion: ¢=m,/my =0 = ----~ Extropoloted

Notes:
1) Thickness contours shown only where perforation is anticipated.

2)Blocked area shows main reglon of experimentation.
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Impact Conditions For Fragment Shatter
Target Materlal: Titanium Alloy
Shotter Criterion: ¢'=m,/m, =0 = =--~=-- Extrapolated
Notes:
1) Thiekness contours shown only where perforation is anticipated.
2)Blocked area shows maln reglon of experimentation
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Impact Conditions For Fragment Shatter

Target Moterlbl: Cast Iron
Shotter Criterion: ¢=m,/m, = 0 ~  -----— Extrapolated

Notes: :
I) Thickness contours shown only where perforation is anticipated.

2)Blocked area shows main reglon of experimentation.
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Impact Conditions For Fragment Shatter
Target Materlal: Face-Hardened Steel
Shatter Criterion: ¢'=m,/m, = O Bkt Extrapolated
Notes:
1) Thickness confours shown only where perforation is anticipated.
2)Blocked areo shows maln region of experimentotion.
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Impact Conditions For Fragment Shaitter

Target Materlal: Mild Steel
Shatter Criterion: ¢'=m,/mg = Q0 = —-——-- Extrapolated

Notes: L
1) Thickness contours shown only where perforation is anticipated.

2)Blocked area shows maln region of experimentation.
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Impact Conditions For Fragment Shatter

Target Material: Hard Homogeneous Steel
Shotter Criterion: ¢'=m,/my = Q0 = =~===—-— Extrapolated

Notes:
1) Thickness contours shown only where perforation is anticipated.

2)Blocked area shows moln reglon of experimentation.
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Impact Conditions For Fragment Shatter

Target Materlal: Copper
Shatter Criterion: ¢'=m,/my, = Q = -=-—- Extrapolated

Notes:
1) Thickness contours shown only where perforation is anticipated.

2)Blocked area shows maln reglon of experimentation.
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Impact Conditions For Fragment Shatter
Target Materlal: Lead
Shatter Criterion: ¢'=m,/m, = O -—-—= Extrapolaoted
Notes:
1} Thickness contours shown only where perforation is anticipoted.
2)Blocked orea shows main reglon of experimentation .
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Impact Conditions For Fragment Shatter

Target Material: Tuballoy
Shatter Criterion: ¢'=m,/m, = 0  -—=== Extrapolated

Notes' '
1) Thickness contours shown only where perforation is anticipoted.

2)Blocked areo shows main region of experimentation.
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Appendix E

Graph Set VIII: Impact Conditions for Fragment Shatter
b. Shatter Criterion: c' = 0.25

Figs. 242-250

Note: No graph for Magnesium appears within this Graph Set. The limitations

of the experimental data for this material were such that extreme cases of
fragment break-up are not in evidence. Still higher striking velocities

would be needed to produce the break-up data necessary to warrant the predictions
of impact conditions on this material for which the fragment will shatter.
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Impact Conditions For Fragment Shatter

Target Material: Aluminum Alloy,2024T-3
Shatter Criterlon: ¢'=m,/m, «0.25  =-—--- Extrapoloted

Notas: 1 ‘
1) Thickness contours shown only where perforation is anticipated.

2)Blocked areo shows main region of experimentation.
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Impact Gonditions For Fragment Shatter
Target Material: Titanium Alloy
Shaotter Criterion: ¢'=m,/m, = 0.25 = ~==--— Extrapolated
Notes:
1) Thickness contours shown only where perforation is anticipated.
2)Blocked orea shows main reglon of experimentaotion.
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Impact Conditions For Fragment Shatter

Target Material: Cast lron
Shotter Criterlon: ¢'=m,/m, = 0.25 = -——---— Extrapolated

Notes: : .
1) Thickness contours shown only where perforation is anticipated.

2)Blocked orea shows maln region of exparimentation.
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Impact Conditions For Ffagment Shatter

Target Material: Face-Hardened Steel
Shatter Criterion: ¢'=m,/m, =0.25 = =---—-—- Extrapolated

Notes:
1) Thickness contours shown only where perforation is anticipated.

2)Blocked area shows main region of experimentation.
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Target Material: Mild Steel

Shotter Criterion: ¢'=m,/m, = 0.25

Notes

1000
800

800

400
300

200
160

1) Thickness contours shown only where perforation is anticipated.
2)Blocked area shows maln reglon of experimentation.

Impact Conditions For Fragment Shatter

Extrapolated
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Impact Conditions For Fragment Shatter
Target Materlal: Hord Homogeneous Steel
Shatter Criterlon: ¢'=m,/m, =0.256 = ----- Extrapolated
Notes:
1) Thickness contours shown only where perforation is anticipated.
2)Blocked orea shows maln reglon of experimentation.
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Impact Conditions For Fragment Shatter

Target Materlal: Copper
Shatter Criterlon: ¢'=m,/m, = 0.25  ----- Extrapolated

Notes: L

) Thickness cbnfours shown only where perforation is anticipated.
2)Blocked area shows main reglon of experimentation.
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Impact Conditions For Fragment Shatter

Target Material: Lead

Shatter Criterion: ¢'=m,/m, = 0.25 = =~——==— Extrapolated

Notes:
1) Thickness contours shown only where perfaration is anticipated.

2)Blocked orea shows main region of experimentation.
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Target Materlal: Tuballoy

Shatter Criterion: ¢'=m,/m, =0.25 L mm—— Extrapolated

Notes:

1) Thickness contours shown only where perforation is anticipoted.
2)Blocked areo shows main region of experimentation.

Impact Conditions For Fragment Shatter
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Appendix F
Empirical Treatment of

Aluminum Alloys and Homogeneous Steels
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Appendix F
Empirical Treatment of Aluminum Alloys and Homogeneous Steels

In two instances, a more complicated form of the empirical formula
for estimating residual velocity was used. These instances refer to those
target mateiiala fér which it was possible to vary the hardness while keeping
the density essentially intact.

Impact déta on three types 5f aluminum alloy, 250, 2024T-~3, and
7075T-6,were‘supp1%ed by BRL. Thé densities of these materials are 169, 173,
and 175 lb/ft3 resgectively, and the corresponding Brinell Hardness values
are 23, 120, and 150. The impact data on steel revealed that the Brinell
Hardness values of the target samples varied from 100 to about 500.

In each case, aluminum alloys and steels, the varieties could be
distingui shed by many measureable characteristics, but the hardness char-
acteristic has been selected as the one most likely to account for observed
variations in target resistance to perforation. However, the effect of the

" change in hardness on target resistance was observed to be lacking in
monotonicity, Therefore, an extension of the basic empirical form of the

residual velocity estimating equation was made as follows for aluminum alloys
and for steel:
: A

Vr = Vs - IOC(eA)a mP (sec 9)7 Vs exp (EB2 + wB) ,
where B is the Brinell Hardness Number of the material under impact, € and
w are two additional constants to be determined by the least squares tech-
nique, and the other symbols are as defined previously. Actually, the
constants are aeteréined by application of the method of least squares to

the linear equation{relating the Briggs' logarithms:

'



Qb

log (vs-vr) = ¢ + (log (eA) + Blog m + ylog sec 6 + Xlog‘va + 0.4343 (eBz+mB).

-307~

The form of the hardness factor [exp (eB2 + wB)] has, for ¢ < 0, a maximum at

B ='3§, reflecting the observation that maximum resistance occurs for an

intermediate value of B. The ordinary exponential form with one unknown is a
monotonic function, and hence must be adjusted to be useful here. In this
manner, two master formulas, one for homogeneous steel and one for aluminum
alloys, are developed,

If the residual velocity estimating equation for steel is of the 7#*\ﬁﬁ

L o fﬂ
form: {iv \‘%p o
| o ‘)‘ 2 e \i’)k ‘?ﬂm
v, = vB - 10 (eA) nP (sec 6)7 VE ‘exp (EB * WB).." 7gm“
) , '3

N u. qé
tabulated below: Lw‘oq} + ﬂ
Material cﬁ/ a B * y A € w

Steel (4 253.0.889 L:O.BS%;‘I.ZGZ 0.019 -sz..77(10)'6 5.41(10)2 -

I A ,7 i
formula reduces quickly to one of the conventional type. [frha , zg f§ulh;_,
S (O S
et
To accommodate the changes in density of the aluminum alloys, the

form of the basic equation for these alloys was chosen to be:

v, =V, - 10°E48)%* & (sec 6)7 vs" exp (eBZ + wB)

where E, the areal density in 1b/ft2, is used instead of e, the target
thickness in inches. The resulting set of values that corresponds to thie

master form is:

&
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Material c o B b A € W

Aluminum Alloys 5.3717 1.029 ~1.0718 1.2510 -0.1394 -1.52(10)~a 2.75(1O)m2

For any particular aluminum alloy, the values for the density and
Brinell Hardness being known, it is an easy matter to transform this equation
into one of the regular type, 1.e., with no Brinell Hardness expression énd
in terms of target thickness.

Only two t&pes of homogeneous steel were used in the attempt to
relatebloss of fragment weight to impact parameters. NThese lpes are

—— distinguished by their Brinell Hardness values, 150 and 380, The estimating
equations for predicting fragment residual velocities for these types were
obtained by substituting these values of‘Brinell Hardness into the master
formula, |

Only one ailoy‘of aluminum; 2024T~3, was used in the attempt to
relate loss of fragm%nt weight to impact parameters. The resistance of
this alloy to perfor#tion was determined to be greater than that of either
of the two other alloys of aluminum considered, as measured by the residual
velocity results.

The Vo type}graphs are used to display the relative resistance of
the three aluminum alioys to perforation. These composite graphs follow in
Set IX, %

In a simila; manner, Vo type graphs are used to display the relative
resistance of homogenéOus steels with Brinell Hardness values of 100, 300,
and 500, These compoéite graphs follow in Set X,

Any comparison‘beyond what is suggested in these graphs is hardly
warranted since the cﬁrresponding information on fragment weight loss during

|

perforation i8 not avgilable to the degree necessary to fix the estimating

equations.

o
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Appendix F

Graph Set IX
V0 vs m for Selected Values of e;

Composite Graphs for 280, 2024T-3, and 7075T-6

Figs. 251-253




cagnulil®

~310-

Vo vs Fragment Weight for
Selected Target Thicknesses
Obliquity : 0° Fragment :
Target Material: Aluminum Alioys Type: BRL Pre—formed
' Material: Steel, SAE 1020
Key for Aluminum Alloys
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